The ultraviolet-A (UVA) part of the solar spectrum at the Earth's surface is an essential environmental factor but continuous long-time monitoring of UVA radiation is rarely done. In Austria, three existing stations of the UV monitoring network have been upgraded with UVA broadband instruments. At each station, one instrument measures global UVA irradiance and-in parallel-a second instrument measures diffuse irradiance. Recent and past measurements are available via a web page. This paper describes the used instruments, calibration and quality assurance and control procedures. Global and diffuse UVA measurements during a period of up to 5 years are presented. Data indicate clear annual courses and an increase of UVA with altitude by 8-9% per 1000 m. In the first half of the year, UVA radiation is higher than in the second half, due to less cloudiness. In Vienna (153 m asl), the mean daily global UVA radiant exposure in summer is almost as high as at Mt. Gerlitzen (1540 m asl), equalizing the altitude effect, due to less cloudiness. However, in winter, the UVA radiant exposure at Mt. Gerlitzen is double as high, as in Vienna.
INTRODUCTION
The ultraviolet-A (UVA) range (315-400 nm) of the solar spectrum is rarely a topic of continuous monitoring, although UVA is highly important for plants, animals and humans. More common are measurements at certain wavelengths in the UVA range to characterize atmospheric conditions by spectroradiometers (e.g. 1) or narrowband filter radiometers (e.g. 2) and of course most common are measurements of the UV index (e.g. 3) . A possible reason for the almost complete lack of UVA monitoring might be that the effects on livings from UVA radiation appear less dramatic than those from the ultraviolet-B (UVB) radiation (e.g. erythema or skin cancer). However, the photobiological and ecological impact of the UVA radiation is as wide as of the UVB radiation.
The visual sense of many animal species is sensitive to UVA radiation, due to an UV sensitive photoreceptor and an UV transmissive lens. Visual perception in the UVA range is long known in invertebrates (4, 5) and fish (6,7), was discovered in birds and reptiles in the 1980s (8, 9) and has in the meanwhile been even recognized in some mammalian species (e.g. ferret, reindeer (10) ). A change of UVA radiation results in a change in the color perception of these animals (11) . For farm animals and animals that are kept indoors (e.g. zoo, aviary, terrarium), the availability and quality of UVA radiation are important to ensure their well-being. However, the data available on natural levels of UVA radiation are very limited.
In respect to human and mammalian skin, UVA radiation initiates pigmentation (e.g. 12), which protects the skin from the sun to a certain extent (13) , but UVA radiation also contributes effectively to skin aging and wrinkling (14) , which may be cosmetically undesirable or even become pathogenic.
Already repeated low exposure to UVA radiation leads to measureable alterations (15, 16) .
Inside the skin, UVA radiation affects the lipids of cells, which results in a decreased cell metabolism. Furthermore, UVA can generate highly reactive chemical intermediates, such as hydroxyl and oxygen radicals, which can damage DNA. Additionally, UVA radiation is the main trigger for photosensitivity reactions (e.g. phototoxicity and photoallergy (17) ). As UVA radiation transmits deeper into the skin (dermis) and into the eye (e.g. 18) than UVB radiation, a significantly larger amount of cells, as well as other tissues (e.g. macular degeneration (19) ), can be stroked by photons.
UVA radiation also penetrates more deeply into other mediums like water, plant crops or clothes. For considering UV exposure in everyday life, it has also to be taken into account that glasses (e.g. 20) of windows and windows of vehicles (21) are partially transmissive for UVA radiation. Due to this, people are exposed to UVA radiation, while shielded from UVB radiation.
The amount of UVA radiation reaching the earth's surface is magnitudes greater than that of UVB radiation (e.g. 22) . Therefore, UVA radiation makes a significant contribution to photobiological effects (like nonmelanoma skin cancer, cataract (23) or immunosuppression (24) ), even if its effectivity is much lower than that of the UVB radiation.
An important vital effect initiated by UVA radiation is photorepair of DNA damage in plants (e.g. 25) , but also in microorganisms (e.g. 26) . Therefore, the ratio between the damaging UVB radiation and repairing UVA radiation becomes important. In the case of microorganism, the ratio between photoinactivation and photorepair changes throughout the year (e.g. 27), which may lead to periods which favor the spreading of microorganisms and periods which restrain the spreading. This may result in a reduction or enhancement of airborne infection diseases. There are some hints that the ratio of solar UVB and UVA radiation may be responsible for the spread of influenza A during the winter (28) .
Interest in solely measuring UVA radiation was aroused, as the application of UVA radiation became common in phototherapy of certain skin diseases like psoriasis. This happens in conjunction with photosensitizing substances like psoralen. Therefore, several studies were undertaken to investigate the intensity of natural solar UVA radiation for comparison with UVA radiation from artificial sources to avoid overexposure of patients (e.g. 29) . Also, in some of the internationally recognized regions for heliotherapy (e.g. psoriasis, atopic dermatitis, vitiligo) like the Dead Sea basin (e.g. 30) or Cyprus (e.g. 31), UVA radiation is a matter of interest.
Another application where UVA radiation measurements are necessary is SODIS (solar water disinfection) (32) . SODIS is a low-cost alternative, especially in southern regions, to the disinfection by mercury-vapor-pressure lamps which emit in the more effective UVC and UVB range. Here, irradiance measurements are used to calculate the gained fluence (e.g. 33) , respectively, the duration of irradiation needed to ensure disinfection.
A variety of studies focusing on the nature of environmental solar UVA radiation and its influencing factors have been carried out in the past.
It was shown that the spatial variation of sky radiance in the UVA range (e.g. 34) can take a factor of 10. Generally, clouds and aerosols reduce UVA radiation (e.g. 35, 36) . However, under broken cloud conditions, UVA radiation can be enhanced (e.g. 37), compared to clear sky. Albedo is another influencing factor (e.g. 38) that changes with time (e.g. snow cover). Global UVA radiation increases significantly with altitude (e.g. [39] [40] [41] [42] . Especially in alpine regions, there is a complex interaction between clouds, albedo and altitude (e.g. 43) .
The ongoing global climate change does not affect the biosphere homogeneously. Changes occur on different spatial and temporal scales (e.g. seasonal change of cloud cover) and progress with different speeds. These also affect the amount of incoming UV radiation and its biological effectiveness (e.g. 44) . Reliable long-term monitoring is necessary in conjunction to a certain spatial resolution to make changes visible and evident.
In Austria, continuous online UV monitoring started in 1998 on behalf of the Austrian Ministry of Environment by establishing the Austrian UV index network (45) . So-called biometers have been utilized, which are broadband radiometers with erythema-like spectral sensitivity (Model 501, Solar Light Inc., USA; (46) ). Locations of stations were selected by an objective method (47) in order to cover the whole country under special consideration of its geographical features, like the Alps. Today, the network consists of 13 stations and another 6 stations from neighboring countries participate in the online monitoring. These biometers mainly give information about the UVB range, due to their spectral response. So in a next step, the network was expanded by UVA broadband radiometers, which were placed aside the biometers at three stations. Today, at each of these stations, a UVA broadband radiometer measures global irradiance (sum of direct and diffuse radiation), while a second one is equipped with a shadow ring and only measures diffuse irradiance in parallel.
An important topic in monitoring is the quality of data and comparability. In this paper, we will introduce the applied methods for quality assurance and control including characteristics of instruments and calibration. Measurements and an analysis of global and diffuse UVA irradiance and daily radiant exposure (daily sums) will be presented for a period of up to 5 years, in order to indicate differences caused by location and local meteorology.
MATERIALS AND METHODS
Measuring sites. Three out of 13 stations of the Austrian UV network were equipped with UVA broadband radiometers (see Fig. 1 At each station, one instrument measures global irradiance and another one measures diffuse irradiance. In the last couple of months, two stations from Italy and two from Switzerland have also been delivering UVA measurements to the Austrian Network (see Fig. 1 ).
Instruments, properties and calibration. Three of the broadband radiometers (two located in Vienna and one in Kirchbichl) are of type J033 (CMS-Schreder, Austria). At Kirchbichl, the second broadband radiometer is of type WPD-UVA-03 (Gigahertz-Optik, T€ urkenfeld, Germany). At the Kanzelh€ ohe Observatory, two broadband radiometers of type UVS-AB-T (Kipp&Zonen, Delft, the Netherlands) are mounted.
As for any other broadband radiometer, special attention has to be paid to the raw measurements (e.g. 48), which are influenced by the properties of the instruments, such as spectral response or angular response.
The spectral response of these radiometers is shown in Fig. 2 , together with the ideal UVA response. It can be seen that none of the instruments match the ideal UVA response perfectly and that there are obvious differences in the spectral response between the different types. Due to the usage of filters, slight differences in the spectral response occur within instruments of the same type. This is shown exemplarily for the UV-AB-T devices (dash-dot-dash line and the dash-dot-dot line).
As another example, the angular response of the broadband radiometers is not perfectly cosine-like and differs as well between the different types and between the instruments of the same type. Therefore, each instrument had to be characterized in the laboratory.
The formula below describes how the most critical properties of the device can be taken into account to gain a cosine responding UVA irradiance value from the output signal of the radiometer:
ðS À S0Þ Ã c0 Ã c1ðO3; seÞ Ã c2ðse; clÞ Ã c3ðTÞ Ã c4ðrHÞ Ã c5ðSÞ
ð1Þ
S is the output signal and S0 is the dark signal. For all our radiometers, the signal is voltage. The dark signal is determined during night hours and assumed to be constant during the day. c0 is the conversion factor of the electrical signal under defined conditions (O3, sh, T, rH, S) in order to gain irradiance in W m
À2
. c1 corrects for spectral changes of the solar spectrum, which result from solar elevation (se) and possibly from O 3 when the device is sensitive at shorter wavelengths. c2 corrects for deviations of the angular response from the ideal cosine response and from cloudiness (cl).
The influence of cloudiness on the cosine-correction c2 is considered by the method of calibration in front of the sun, where over several days with varying cloudiness, an average relation between the reference spectroradiometer and the broadband detector is derived (48) . Therefore, in the application of Eq. (1), there remains only c2 (se).
c3 takes changes of sensitivity due to temperature (T) into account. c4 corrects for changes of sensitivity due to humidity (rH) and c5 corrects the deviation from linearity.
For the all three types of instruments, the factors c3, c4 and c5 can be assumed to be 1.0.
T (c3) and rH (c4) are kept constant, but not monitored. The frequency of replacement of the desiccant is based on long-term experience with broadband detectors. Linearity (c5) is not separately proofed, but during the comparisons with the reference spectroradiometer, no indication of nonlinearity was found. Figure 3 exemplarily visualizes the calibration matrix for a radiometer of type J033, operating in Vienna. It takes into account the spectral c1 (O 3 , se) and angular c2(se) response of the J033 which results in a dependence of solar elevation (spectral and angular response) and total ozone (spectral response). The resulting correction factor lies within 0.986 (500 DU, 50°) and 1.236 (200 DU, 0°). The correction factor references to 300 DU at solar elevation of 50°(c1(300DU, 50°) * c2 (50°) = 1).
Calibration of the instruments is carried out in front of the sun, whereas solar spectral irradiance is measured by the spectroradiometer in parallel. The calibrations in front of the sun are carried out for about 1 week with varying conditions of cloudiness in the time between May and August. There is no effect of the season, only the higher solar elevation in summer is desirable to cover the whole range of conditions during the year.
The expanded uncertainty of the derived UVA irradiance is estimated to be 6%, based on the uncertainty of the reference spectroradiometer and on the uncertainty of the characterization in the laboratory.
The devices are recalibrated every second year. The frequency of recalibration is based on long-term experience with broadband detectors. The calibration factors of some detectors are found to be stable over years, whereas for others, variations of 10% were observed from one calibration to the next. In summary, the recalibrations every 2 years show differences in the order of 5-10%. A linear drift of the calibration factor is assumed for the time between the calibrations, and the respective correction is applied to the measured data of this period. Diffuse radiation. At Mt. Gerlitzen, the UVA broadband radiometer for measuring diffuse irradiance is mounted on a sun tracker of type SOLYS2 (Kipp&Zonen, Delft, the Netherlands) together with a shadow ball to obstruct the solar disk.
At the two other sites, shadow-rings are utilized to block the direct solar radiation. In this case, no sun tracking device is needed, but the shadow-ring shields not only the solar disk but also a small part of the sky.
With that, the measurements E meas are-by a certain percentage-too low and have to be corrected in order to receive the diffuse irradiance E diff :
The amount of shielded irradiance-and with that correction factor C SB -is the percentage of the upper hemisphere which is geometrically shadowed by the shadow-ring. Therefore, it depends on the radius and the width of the band, as well as the position of the sun (declination). For a shadow-ring with 7.5 cm width and a radius of 32 cm mounted at the station in Vienna, the C SB values range from 2.7% (winter solstice) to 15.2% (summer solstice).
Measurements, availability, quality assurance and control. Measurements are carried out continuously-partly with a temporal resolution of 30 s-and mean values are stored every 1, 10 and 30 min. In this paper, we present the 30-min mean values.
The devices are checked by operators two to three times a week, whereas especially, the quartz domes of the devices are checked for dirt and dust, and the shadow-ring is adjusted. Moreover, three times a year all detectors are checked for humidity and the desiccant is renewed which assures that the broadband radiometers are dry during routine operation.
Approximately every 10 min, the measurements are transmitted to the Division of Biomedical Physics of the Medical University Innsbruck, where data are processed automatically in near real time. The calibration . Maximum (upper panels) and median (lower panels) time courses of total UVA irradiance for every second month of the year at Vienna (left panels) and at Mt. Gerlitzen (right panels). matrix is applied to the raw data, and the absolute values are then checked by comparison to clear sky model calculations. These are obtained by clear sky radiative transfer model UVSpec (49, 50) . As input for the model calculations (besides solar elevation, station altitude and climatological aerosol optical depth), the total ozone column is taken from the prediction of the NOAA Global Forecast System (GFS) and albedo is estimated from snow height information. By comparing the global UVA measurements to model calculations, outliers of over 20% above the modeled values are detected and eliminated (to compensate for the uncertainty in the model due to estimated input parameters). For diffuse UVA radiation, the global UVA measurements function as an upper boundary, again with a 20% tolerance.
Approximately 2 days after measurement, the analysis is repeated to take into account measured ozone values from OMI (NASA) instead of the forecast from NOAA. This procedure is the same for the UVA detectors and the erythemal detectors of the Austrian UV monitoring network. The correction following the publications of ozone measurements is relevant mainly for the erythemal detectors, whereas the UVA detector calibration is almost insensitive to small variations of the ozone content.
Once a new calibration is available, the whole data set starting from last year's calibration is reevaluated to consider the changes of the broadband radiometers during the 24 months that have been recovered.
Measurements are available online (www.uv-index.at), and they are updated every 10 min. Beside the recent value, the daily progress is visualized on the website. Additionally, the measurements of the previous day, the previous week as well as those of the last month and the last year are shown. A graph depicts the monthly maximum and the monthly mean values since measurements have started.
RESULTS

Daily course of global and diffuse UVA irradiance
Global UVA irradiance. Figure 4 provides the daily courses of maximum (upper panels) and median (lower panels) global UVA irradiance (as mean over 30 min) for every second month of the year at Vienna (left panels) and Mt. Gerlitzen (right panels), calculated from all available data.
The daily course of monthly maximum irradiance in Vienna (Fig. 4, upper . This denotes that the median values reach 83% of the maximum values in summer. In November, December and January, the median irradiance is lowest, staying below 8 W m
À2
. With that, the median takes around 55% of the maximum value. This percentage is lower than that for summer, indicating more cloudy days in December compared to June or July.
At the alpine station Mt. Gerlitzen, the daily course of monthly maximum irradiance (Fig. 4, upper right , which makes up 75% of the maximum. Lowest medians are found in November, December and January, reaching 17 W m À2 . With that, the winter median represents 83% of the winter maximum. This indicates a clear difference between the alpine location Mt. Gerlitzen (1540 m a.s.l.) and Vienna (153 m a.s.l.), which is located in the plains (horizontal distance = 257 km). In Vienna, the summer is characterized by little cloud coverage, while high amounts of clouds are typical for winter. At Mt. Gerlitzen, the median is closer to the maximum during winter which denotes low cloudiness. Contrary to that, in summer, the ratio between median and maximum is lower, denoting a more frequent attenuation by clouds.
At . The median in summer is 85% of the maximum, and in winter, it is 72%. With that, cloudiness in summer is similar to that in Vienna (83%) and in between the values of Mt. Gerlitzen (83%) and Vienna (55%) during winter. Diffuse UVA irradiance. In Vienna, the median of diffuse irradiance (Fig. 5, upper panel) ), the diffuse median is 50%. In winter, the median of global and diffuse irradiance is almost the same (90%). This is another indicator for high cloudiness during winter.
At Mt. Gerlitzen, the summer median (Fig. 5, lower panel) of diffuse irradiance reaches 24 W m À2 (May, June and July) and stays below 11 W m À2 in December. With that, the winter median is 45% of that in summer. The comparison of the summer medians of diffuse and global UVA irradiance delivers a percentage of 53% for diffuse and a percentage of 65% when comparing the winter medians. This indicates noticeably less cloudy days in winter, compared to Vienna. The daily courses (Figs. 4 and 5) visualize not only the change of irradiance throughout the year but also the changing length of the day. At the winter solstice, the sun is above the horizon for 8 h, and at the summer solstice, it is above the horizon for 16 h.
Ratio of global and diffuse irradiance. Under clear sky, the ratio between global and diffuse irradiance depends on a first order on solar elevation, respectively, the path length through the atmosphere. Figure 6 depicts the ratios during cloud-free days (selected by observers) at the observatory in Vienna (upper panel) and at the Kanzelh€ ohe observatory at Mt. Gerlitzen (lower panel). Both panels show the course during a day close to the summer solstice. The ratio decreases from 1 at sun rise to a value of around 0.4 at solar noon, where solar elevation is 65.0°, and increases back to 1 at sunset.
Under all sky conditions, cloud cover is the dominating factor for this ratio. Figure 7 visualizes the mean ratio for January (upper panel) and June (lower panel) at Vienna and Mt. Gerlitzen during the day. It can be seen that in January, the mean ratio in Vienna undergoes only a slight change: from around 1 at sunrise down to 0.90 at noon and back to 1 at dawn. At Mt. Gerlitzen, the ratio becomes lower at noon, decreasing to 0.73. In June, one can observe more pronounced courses compared to January, because clouds are less frequent. In Vienna, the mean ratio goes down to 0.54 while at Mt. Gerlitzen, it remains 10% higher (0.60). This denotes that there is less cloudiness in Vienna than that there is at Mt. Gerlitzen in June.
Daily UVA radiant exposure
Beside irradiance, the radiant exposure is an important photobiological factor. , being seven times higher than in winter. The diffuse daily radiant exposure (H DIF ) (Fig. 8 upper right panel) mimics the course of H GLO , but is noticeably lower in the summer. The annual course of radiant exposure is more pronounced than that of irradiance because in the summer, when irradiance is highest, the length of a day is up to twice as long as it is in winter, when irradiance is lowest. Figure 9 depicts the monthly mean values of H GLO at Vienna and Mt. Gerlitzen. Both distributions have an obvious skewness by peaking in July and lower values in the second half of the year compared to the first half of the year. This skewness results from the decrease in cloudiness in July compared to June that overwhelms the lower solar elevation and shorter length of the day. From September to November, more cloudiness reduces H GLO compared to Spring. Comparing the values from Vienna and Mt. Gerlitzen, it can be seen that in June and July, the difference is only around 3%, although the altitude effect would cause 10-12%. In December and January, H GLO at Vienna is just 50% of that measured at Mt. Gerlitzen. During winter, less cloudiness and the more frequent snow cover and corresponding enhanced albedo at Mt. Gerlitzen are responsible for this. Over the whole year, H GLO is 17% lower at Vienna. This value deviates clear from that caused by the altitude effect.
DISCUSSION AND CONCLUSION
UVA cannot be reduced to the wavelength range between UVB and the visible spectral range. For several photobiological effects, it is the dominator either because of highest effectiveness of UVA radiation (e.g. pigmentation), or because of a higher irradiance in the UVA (e.g. like in the solar spectrum), which equalizes or overwhelms a higher effectiveness in the UVB (e.g. nonmelanoma skin cancer). Therefore, the UVA radiation has to be seen as an important measure that should be paid the same attention as UVB radiation or as global solar radiation.
Continuous monitoring of UVA radiation is carried out on a variety of locations around the world, but visibility for the scientific community and availability of recent data are rather restricted. The Austrian Federal Ministry for Sustainability and Tourism has attributed to these facts (importance and visibility) by ordering continuous high-quality measurements at three locations which have to be available online and free of charge.
In this paper, we have introduced the Austrian UVA network as well as with the applied procedures for calibration and quality assurance and control. Data from all stations indicate higher UVA radiant exposure in the first half of the year than in the second half because of a lower cloud amount in spring, compared to autumn. Further on, UVA radiant exposure shows seasonally alternating differences within relatively short distances caused by a change in altitude. In summer, decreased cloudiness in Vienna almost equalizes the altitude effect from 1400 m (to Mt. Gerlitzen). In winter, on the other hand, the UVA radiant exposure is almost twice as high at Mt. Gerlitzen as it is in Vienna. Responsible for this is a decrease in clouds and frequent snow coverage.
In comparison to the use of the more sophisticated spectroradiometers and spectrophotometers, using broadband radiometers for monitoring has several advantages (e.g. costs, less maintenance). However, broadband radiometers deliver integrated values over the whole wavelength range and differ in spectral sensitivity, and with that, the measurements of the same UVA source do. Therefore, special attention has to be put on calibration to gain irradiance values that are corrected for spectral and angular deviations from the ideal response. For broadband radiometers, which measure the UV index, standard calibration procedures (e.g. 51) are applied. However, there still seems to be a lack in application for UVA radiometers. We have randomly taken some examples from the literature to depict this problem: For a location at 31 . The selected papers do not provide detailed information about calibration and certain doubt rises when comparing these values. Therefore, it is impossible to say whether differences between different locations are real or not. In these cases, inappropriate calibration leads to values that are simply not comparable and cannot be used for application. For example, solar UVA radiation is used in southern regions to disinfect drinking water (32) and UVA radiation measurements provide the necessary duration of irradiation to ensure disinfection. If calibration of instruments differs, the resulting duration of irradiation differs which may lead to a fail of disinfection.
RECOMMENDATION
For measurements of solar UVA radiation with broadband radiometers, we therefore strongly recommend the standard calibration as presented above (Chapter 2, Equation 1 ). This procedure is also obligatory for broadband radiometers measuring the UV index (3).
